J. BACTERIOL. his-, thr-, leu-, proA-, arg, FtolA-, gat, ara-, lac-, thi-, str-r, (X)-AB353 thr-, leu-, lac-, thi-, pan-, Hfr str-r, W_) AT2473 pyrA-, thi-, (X)-Hfr AT1359 aroD-, proA-, lacr, gat, his-, Fxyt, mtt, arg-, thi-, (X)-KL96 thi-, str-s Hfr KL14
thi-, str-s Hfr KL16
thi-, str-s Hfr
Gene symbols: aroP denotes the gene specifying the general aromatic transport system. All other symbols used are those recommended by Taylor and Trotter (22) .
Brunswick gyratory shakers. Growth was measured as the increase in absorbancy at 490 nm by use of a 1-cm cuvette and a Shimadzu QV-50 spectrophotometer.
Chemicals. Inorganic chemicals were of analytical reagent grade. Organic chemicals were of the highest grade commercially available. L-Tryptophan-3-14C (23 mCi/mmole), uniformly labeled 14C-L-phenylalanine (375 mCi/mmole), and uniformly labeled 14C-L-tyrosine (379 mCi/mmole) were obtained from New England Nuclear Corp., Boston, Mass. ,B-2-Thienylalanine, DL-4-methyltryptophan, DL-6-methyltryptophan, DL-p-aminophenylalanine, and DL-p-fluorophenylalanine were obtained from Sigma Chemical Co., St. Louis, Mo. DL-5-Methyltryptophan and L-1-methylhistidine were obtained from Mann Research Laboratories, New York, N.Y. L-Histidinol, S-ethyl-L-cysteine, and L-2-thiolhistidine were obtained from Calbiochem, Los Angeles, Calif. 4-Azaleucine dihydrochloride was obtained from Nutritional Biochemicals Corp., Cleveland, Ohio.
Aromatic amino acid uptake by glucose-starved cells. The procedure of Ames (1) was followed with these modifications: medium A was used in place of medium E-C; cell suspensions (volume, 100 ml; 2 X 108 cells/ ml) were starved of glucose for 60 min at 37 C and assayed at 37 C instead of 25 C (unless otherwise stated); samples (1 ml) were removed from the assay medium (20 ml) and filtered through membrane filters (Millipore type HA). These were washed with 10 volumes of medium A minus glucose prewarmed to 37 C instead of with cold medium E-C. Filters were dried under an infra-red lamp, placed in vials containing 10 ml of scintillation fluid, and counted in a Beckman LS-250 spectrometer. The scintillation fluid contained, in 1 liter of toluene, 4 g of 2, 5-diphenyloxazole and 0.1 g of 1, 4-bis-2-(5-phenyloxazolyl)-benzene. The counting efficiency for 14C under these conditions was approximately 85% (i.e., 1 mCi corresponds to 1.87 X 109 counts/min).
Aromatic amino acid uptake by growing cells. Volumes of 20 ml of cells growing exponentially in medium A (cell density, 2 X 108/ml) were added to flasks containing radioactive amino acid and were shaken (200 rev/min) at 37 C on a gyratory water-bath shaker. Samples (1 ml) were withdrawn at the times indicated and filtered through membrane filters. The filters were washed with 10 volumes of medium A minus glucose at 37 C, dried, and counted as described above.
Extraction of trichloroacetic acid-soluble pool. Simultaneously with the sampling of cells for total uptake by one of the above methods, a sample of equal volume was removed into cold trichloroacetic acid (final concentration, 5%, w/v). After about 15 min, the samples were filtered through membrane filters and washed with 20 ml of cold 5% trichloroacetic acid. Filters were then dried and counted as described above. These counts represent the incorporation of radioactive amino acid into protein and transfer ribonucleic acid. The difference between incorporation into whole cells and incorporation into trichloroacetic acidinsoluble material gives the amount of free radioactive amino acid in the cell plus any trichloroacetic acidsoluble, low molecular weight radioactive derivatives thereof. This trichloroacetic acid-soluble fraction is termed the "pool" [after Britten and McClure (4) ].
Identification of radioactive material accumulated in the pool. Cells (50 ml of suspension) were incubated with radioactive aromatic amino acid (5 X 106 M, 20 mCi/mmole) at 37 C with shaking for 2 min. After filtration (Millipore HA) and washing twice with 25 ml of warm medium A minus glucose, these cells were resuspended and extracted in 10 ml of cold perchloric acid (2%, w/v) for 15 min. The extract was filtered (Millipore HA) and neutralized with KOH; the resulting KCIO4 precipitate was removed by centrifugation, and the supernatant fluid was reduced to dryness by rotary evaporation at 40 C. The dried preparation was dissolved in 0.5 ml of water; unlabeled carrier aromatic amino acid (10-4 M) was added; and then samples (0.1 ml) were chromatographed with radioactive standards (treated in the same way as the extracted amino acids) on 250,um thick silica gel G thinlayer plates in n-butyl alcohol-acetic acid-water (120: 30:50, v/v; 21). After being sprayed with ninhydrin (0.2%, w/v, acetone), the resulting spots were removed by scraping and were counted in scintillation fluid containing 4% Cab-O-Sil (Packard Instrumrent Co., La Grange, Ill.). These counts were compared with the counts obtained by scraping the rest of the chromatogram.
Mapping by conjugation and Plkc transduction. These techniques have been described elsewhere (5) . RESULTS Uptake of aromatic amino acids by wild-type E. coli K-12 (W1485). The kinetics of transport of '4C-labeled tyrosine, phenylalanine, and tryptophan by growing W1485 cells are shown in Fig. la, 2a, 6 Amoles/g, dry weight (Fig. 3b) phasic. There is a rapid initial uptake, appearing mostly in the trichloroacetic acid-soluble fraction, which lasts for 1 to 2 min, and a slower, linear uptake which is accounted for by incorporation into the trichloroacetic acid-insoluble fraction. Protein synthesis is depressed in glucose-starved cells (Fig. lb, 2b , 3b) so that the second component of uptake is greatly reduced and a greater proportion of total uptake is trichloroacetic acid-soluble. There is also an absolute increase in labeling of the trichloroacetic acid-soluble pool in glucosestarved cells.
Analysis of the labeled material in the pool showed that after 2 min of incubation of cells with 14C-tyrosine, the label in the pool was 91 % 14C-tyrosine. Comparable values for '4C-phenylalanine and "4C-tryptophan were 84 and 82%, respectively. The other labeled compounds in the pool were not identified.
Each aromatic amino acid inhibited transport of the others into the cell. For instance, initial tyrosine uptake was inhibited about 80% by a 20-fold excess of tryptophan ( Fig. la, b) . Phenylalanine and tryptophan uptake was inhibited in an analogous fashion ( Fig. 2a, b ; 3a, b). Inhibition of uptake was observed from as early as 15 sec (Table 4 ). The aromatic amino acid pool was not saturated at that time, so the observed inhibition was not caused by competition for a place in the pool but rather was at the level of entry into the pool. Incorporation into protein was not inhibited, so the inhibition of total uptake in growing cells became less apparent as protein synthesis proceeded (Fig. la, 2a, 3a) . With the low rate of protein synthesis in glucose-starved cells, the inhibition was clearly apparent over the entire time scale (Fig. lb, 2b, 3b) .
These results are interpreted as evidence for a general aromatic transport system which has affinity for all three aromatic amino acids. The mutual inhibitions observed are caused by competition between the aromatic amino acids for uptake by this transport system.
In no case was inhibition complete. In the case of '4C-tyrosine uptake, inhibition by a 20-fold excess of unlabeled tryptophan was only about 80% at 30 sec ( Fig. la, b) . '4C-phenylalanine and 14C-tryptophan uptake was inhibited to a similar extent ( Fig. 2a, b ; 3a, b). These observations suggest the existence of a transport system for each of the aromatic amino acids which is insensitive to inhibition by other aromatic amino acids, i.e., a system specific for one aromatic amino acid alone. Further evidence for such transport systems comes from a consideration of the kinetics of aromatic transport and a study of mutants lacking the general aromatic transport system. Lineweaver-Burk plots of aromatic amino acid transport gave the following Michaelis constants for the general aromatic transport system: tyrosine, 5.7 X 10-7 M (Fig. 4) ; phenylalanine, 4.7 X 10-7 M (Fig. 5) ; tryptophan, 4.0 X 10?7 M (Fig. 6) . Measurement of '4C-tyrosine uptake in the presence of a large excess (5 X 10-4 M) of tryptophan (>100-fold) indicated a fraction of tyrosine uptake resistant to tryptophan. Increase in tryptophan concentration did not further inhibit this fraction of uptake. This fraction of tyrosine transport was termed the tyrosine-specific transport system and had a Km of 2.2 X 10-M (Fig. 4) .
Analogous observations were made on 14C-phenylalanine transport, where the phenylalanine-specific transport system had a Km of 2.0 X 10 M (Fig. 5) . Similarly, the tryptophan-specific transport system (measured as '4C-tryptophan uptake in the presence of 5 X 10-4 M phenylalanine) had a Km of 3.0 X 10-M (Fig. 6 ). 4 washed twice with medium A, and 0. Fig. 4 . "4C-tryptophan molar concentration X 107 (s). Uptake of 104 countsl min is equivalent to 1.1 ujmoles of '4C-tryptophan/g (dry weight) of cells. These data are standardized to a specific activity of 50 mCi/mmole (actual specific activity was 23 mCi/mmole). Uptake of "4C-tryptophan (0). This curve represents general aromatic transport activity and is uncorrected for the small contribution made by the specific tryptophan transport system. Uptake of 14C-tryptophan in presence of S X 1O4 M phenylalanine (0). sistant to DL-5-methyltryptophan (2 X 10-4 M) and DL-p-fluorophenylalanine (2 X 10-4 M). The growth rate in medium A was similar to that of W1485 for both mutants, and both subsequently proved to have a similar phenotype and genetic lesion.
To exclude the possibility that these two strains are excretors of aromatic amino acids, their culture supernatants were tested for ability to support the growth of the aromatic auxotroph AT-1359 when this mutant was starved of one or all of the aromatic amino acids. No growth support was observed, nor was "IC-aromatic amino acid uptake by wild-type W1485 cells reduced when measured in culture supernatants of KB2800 or KB3100. Thus, the reduced uptake of '4C-aromatic amino acids seen in KB2800 and KB3100 cannot be attributed to excretion of aromatic amino acids.
The kinetics of transport of labeled tyrosine, phenylalanine, and tryptophan by growing KB-3100 cells are shown in Fig. ic, 2c, and 3c , respectively. Comparable data for glucose-starved cells are shown in Fig. ld, 2d , and 3d. The fraction of tyrosine transport sensitive to inhibition by phenylalanine and tryptophan seen in wild-type cells was almost entirely absent (Fig. Ic, d ). Tyrosine-specific transport, however, was intact. Phenylalanine and tryptophan transport were similarly affected in KB3100 (Fig. 2c, d; 3c, d) . Strain KB2800 resembles KB3100 in its transport properties. These results indicate that these mutants lack the general aromatic transport system. They have been designated aroP. It is clear from the uptake patterns in growing cells (Fig. lc, 2c , 3c) that incorporation of external aromatic amino acid into protein is unaffected by the loss of the general aromatic transport system and by the concomitant reduction in pool size. The reduction in pool size noted here also indicates that in this mutant the specific aromatic transport systems cannot fill the large trichloroacetic acid-soluble aromatic pool seen in the wild-type parent.
Mapping of mutants defective in the general aromatic transport system. The aroPT allele of KB- 2800 was transduced by use of a Plkc lysate into the male strains Hfr Hayes, KL96, KL14, and KL16. The origins and directions of transfer of these strains are shown in Fig. 8 . Selection of aroP-transductants was carried out on agar plates containing minimal medium plus methionine, thiamine (to satisfy the requirement of auxotrophic male strains), and ,3-2-thienylalanine (10-4 M). Of the male strains receiving the aroP allele, only Hfr Hayes aroP (renamed KB2880) transferred it in crosses with the female P118 interrupted at 30 min. This indicates that aroP is to the left of the origin of Hfr Hayes, relatively close to it, and some distance to the right of the origin of KL96. Of 79 aroP recombinants from this cross, 77% were found to be thr+, 86% were leu+, and 25% proA+. None had received the his+, arg+, or thi+ alleles of KB2880. This indicates close linkage of aroP to thr and leu. More detailed interrupted matings performed between KB2880 and P118 confirmed this (Fig. 7) . The times of entry of markers in the cross shown in Fig. 7 Table 4 and in Fig. lb, 2b , and 3b. This appears to be true (20, 22) ; gltC, gltS, gltR, glutamic acid transport (15, 16) . HisP, the gene specifying histidine transport, is located on the S. typhimurium chromosome at a position corresponding to min 45 (approximately) on the E. coli chromosome (2) . The known structural and regulatory genes of aromatic biosynthesis are also shown. The gene symbols used are those recommended by Taylor and Trotter (22) . TyrR, tyrosine regulator gene (23); tyrS, tyrosyltransfer ribonucleic acid synthetase (19) . for transport into the trichloroacetic acid-soluble pool (as distinct from incorporation into protein) by the specific transport systems as well as for the general aromatic transport system. Uptake by the specific aromatic transport systems remains stable in cells starved of glucose for up to 2 hr (at 37QC).
A gradual decline of about 20% was observed over this time for the general aromatic transport system. Addition of glucose (0.2%) to the assay medium inhibited initial uptake of tyrosine and phenylalanine by the general aromatic transport system by about 20%. Inhibition of tryptophan uptake was more marked (35 %). These results are based on an incubation time of 30 sec. Glucose inhibition of specific aromatic transport could not be reliably measured under these conditions because of the relatively small uptakes involved.
Inhibition of the general aromatic transport system. Twenty-two amino acids were tested for their ability to inhibit the uptake of "IC-aromatic amino acids into the trichloroacetic acid-soluble pool in glucose-starved W1485 cells. Fifteen amino acid analogues were also tested. Since about 90% of this uptake is via the general aromatic transport system, the inhibition observed was taken as inhibition of this transport system. The results of this survey are reported below and in Table 4 . Two concentrations, 10-4 and 10-M (with respect to the L isomer), of each compound were tested. These concentrations were 20-and 200-fold, respectively, the concentration of the 4C-labeled aromatic amino acids.
The following 13 amino acids and 4 analogues did not inhibit the general aromatic transport system and, it is concluded, have no affinity for it: arginine, lysine, proline, asparagine, threonine, isoleucine, valine, glutamic acid, glutamine, hydroxyproline, serine, cystine, glycine, a-aminoisobutyric acid, canavanine, homoarginine, and ethionine. In contrast, there was strong, mutual inhibition of uptake by tyrosine, phenylalanine, and tryptophan. Inhibition by the aromatic analogues p-fluorophenylalanine, (3-2-thienylalanine, and 5-methyltryptophan parallels the strong inhibition by the natural aromatic amino acids, and it is concluded that these analogues have affinity for the general aromatic transport system. p-Aminophenylalanine, 4-methyltryptophan, and 6-methyltryptophan inhibit less strongly.
Cysteine and its analogue S-ethylcysteine partially inhibited aromatic uptake. Inhibition by histidine, although slight at 10-4 M, was quite significant at 10-3 M (30 to 40%). Of its analogues, 1-methylhistidine was a more powerful inhibitor of aromatic uptake than histidine itself, whereas histidinol and thiolhistidine were less inhibitory. Alanine, leucine (and its analogue azaleucine), methionine, and aspartic acid also partially inhibited aromatic uptake. The inhibition caused by these compounds was greater at 10-3 M than at 10-4 M. Tyrosine uptake was less sensitive to inhibition by alanine, methionine, and aspartic acid than was phenylalanine and tryptophan uptake.
From these results, it is concluded that the general aromatic transport system has high affinity for phenylalanine, tyrosine, tryptophan, and their analogues. It has lower affinity for the neutral amino acids: cysteine, leucine, alanine, and methionine. Histidine at the pH of the assay (pH 7.0) was also predominantly (90%) a neutral amino acid, and it too had an affinity for this transport system in the concentration range 10-4 to 10-3 M. Aspartic acid, an acidic amino acid, also had a low affinity in this concentration range. The general aromatic transport system, however, lacks affinity for the other acidic and neutral amino acids and the basic amino acids. a Uptake was performed in glucose-starved cells, and trichloroacetic acid-soluble pools were calculated, as described in Materials and Methods. Volume sampled was 2 ml, assay temperature was 37 C, and incubation time was 15 sec. "4C-amino acid concentration was S X 10-6 M, 10 mCi/mmole. Unless otherwise indicated, all amino acids were the L isomers. Numbers in parentheses indicate counts per minute taken up by the uninhibited control. Tyrosine (10-3M). a Assays were performed as described in Table 4 . b Abbreviations: see Table 4 .
Specific aromatic transport activity was taken as "4C-amino acid uptake in the presence of a 20-fold excess (10-4 M) of unlabeled inhibiting aromatic amino acid (tryptophan in the case of '4C-tyrosine and '4C-phenylalanine uptake, and phenylalanine in the case of 14C-tryptophan uptake).
or tyrosine. Apart from serine, which partially inhibited both the phenylalanine-and tryptophanspecific transport systems, no other natural amino acid inhibited the specific aromatic transport systems.
Of the 15 analogues tested, the following did not inhibit any of the specific aromatic transport systems: a-aminoisobutyric acid, azaleucine, canavanine, homoarginine, ethionine, 1-methylhistidine, histidinol, and thiolhistidine. The tyrosine-specific transport system was strongly inhibited by p-fluorophenylalanine. Thienylalanine and 4-, 5-, and 6-methyltryptophan were less inhibitory, and p-aminophenylalanine and S-ethylcysteine failed to inhibit tyrosine-specific uptake at all. The phenylalanine-specific transport system showed a similar sensitivity to aromatic analogues. It was slightly more sensitive to thienylalanine inhibition, however, and was partially inhibited by S-ethylcysteine (10-3 M). The tryptophan-specific transport system showed a somewhat different pattern of analogue inhibition. pFluorophenylalanine was not an inhibitor, and thienylalanine and p-aminophenylalanine inhibited only slightly. 4-Methyltryptophan was a good inhibitor, but 5-and 6-methyltryptophan were less effective. S-ethylcysteine partially inhibited the tryptophan-specific transport system. Because of the relatively small pool generated by the tryptophan-specific transport system, the inhibitions shown here are only approximate values. None of the analogues tested specifically inhibited a single specific aromatic transport system.
It is concluded from these results that the specific aromatic transport systems transport one natural amino acid only at concentrations up to 10-4 M. At 10-' M, however, phenylalanine had an affinity for the tyrosine-specific transport system in addition to its own specific transport system, and vice versa.
DISCUSSION
The existence of a general transport system for the aromatic amino acids in E. coli K-12 has been
